In recent years, glasses with tunable nanostructures, called nano-glasses (NGs), have attracted a lot of attention [1] [2] [3] . NGs consist of the following two structural components: nanometer-sized amorphous grains and interfacial regions between these grains [2] [3] [4] . Since the interfacial regions have an atomic and electronic structure deviating from those of the corresponding meltquenched glasses, the properties of NGs differ from the properties of the melt-quenched glasses with the same chemical compositions. NGs exhibit remarkable interface-related properties such as the mechanical [5] , biological [6] , magnetic [7] , and catalytic properties [8] .
The interfaces in NGs are formed by the atomic interdiffusion of adjacent amorphous grains. However, the inter-diffusion between the amorphous grains has not yet CONTACT Gang Sha gang.sha@njust.edu.cn Herbert Gleiter Institute of Nanoscience, Nanjing University of Science and Technology, Nanjing 210094, People's Republic of China; Tao Feng tao.feng@njust.edu.cn Herbert Gleiter Institute of Nanoscience, Nanjing University of Science and Technology, Nanjing 210094, People's Republic of China Supplemental data for this article can be accessed here. https://doi.org/10.1080/21663831.2017.1389773 been studied. In comparison to nano-crystalline materials, the rate of inter-diffusion in NGs is likely to be enhanced because the atoms of the amorphous grains are not forced to remain on lattice sites. In order to study the inter-diffusion in NGs, we propose to use a model system consisting of amorphous multilayers with planar amorphous/amorphous interfaces.
In order to study the variation of the concentration profiles of the planar amorphous/amorphous interfaces, atom probe tomography (APT) [9, 10] was applied. APT is based on the controlled field desorption. Atoms are removed one-by-one from the apex of a tip-shaped specimen. Their positions on detector and flight time are recorded. From these data, the chemical nature and the original position of the incoming atom can be deduced.
As a result, a 3D reconstruction of the atoms can be achieved with a sub-nanometer resolution.
In this study, we prepared amorphous multilayers by magnetron sputtering with the stoichiometric composition of Fe 75 Zr 25 /Cu 64 Zr 36 . The reasons for selecting the FeZr and CuZr systems were: (1) Both systems have strong glass forming ability [11, 12] and (2) Different types of atomic inter-diffusion at the amorphous/amorphous interface could be investigated in one experiment. The inter-diffusion involves the concentration-driven diffusion of the element Zr as well as of the elements Fe and Cu that are immiscible in the crystalline state [13] . APT was employed to analyze the atomic inter-diffusion at the interface of the FeZr/CuZr multilayers before and after annealing at 573 K for 60 min. After annealing, a pronounced diffusion of Zr between the FeZr and CuZr layers was observed. Moreover, evidence for the enhanced inter-diffusion of Fe and Cu was obtained. As the atomic inter-diffusion at the interface would produce a new layer with different chemical composition, it may open a way to create or manipulate the properties of amorphous multilayers.
Ten layers of Fe 75 Zr 25 ( ∼ 17 nm)/Cu 64 Zr 36 ( ∼ 38 nm) were deposited by using a JGP650 dual chambers magnetron sputtering system. The detail preparation information was described in Supporting Information. The structure of the multilayers was investigated using XRD (Brucker D8 Advance) with Cu Kα radiation and TEM (Titan G2 60-300) with energy dispersive X-ray spectrometry (EDX). Samples for TEM and APT were prepared using the focused ions beam (FIB) lift-out techniques [14] in a Zeiss Auriga SMT SEM equipped with an Orsay Physics Cobra Z-05 FIB unit with a Ga + ion source.
APT analysis was performed using a Local Electrode Atom Probe (LEAP 4000X Si) operated in the laserpulsing mode. During data collection, specimens were cooled to 25 K at a pressure of 6.3 × 10 −11 Torr. The pulse laser energy was 40 pJ (wavelength 355 nm) with a repetition rate of 200 kHz and a data collection rate of 0.005-0.007 ions per pulse. All concentrations are given in atomic percent. Reconstruction and visualization of the APT data was performed using the Imago Visualization and Analysis Software (IVAS 3.6.8). All APT reconstructions were made by using the shank angle measured from the SEM image of each corresponding tip sample and the dimensions of multilayer structure in the reconstructed volume were calibrated by using the multilayer spacing measured from the SEM image (by adjusting the initial radius of the tip).
A typical XRD pattern of 'as-prepared' Fe 75 Zr 25 / Cu 64 Zr 36 multilayers is presented in Figure 1 (a). The broad peak corresponds to an amorphous structure. The A cross-section of the Fe 75 Zr 25 /Cu 64 Zr 36 multilayers sample was prepared for TEM analysis by FIB milling. The initial characterization of the multilayer structure was performed using an aberration-corrected FEI Titan 80-300 operated at 300 kV in the scanning TEM mode (STEM). Figure 1(b) is an HRTEM image of the multilayer sample. The maze-like pattern is a well-known feature of amorphous materials. The interfaces between two layers were evidenced by their different contrasts. The selected area electron diffraction (SAED) pattern in the inset of Figure 1 (b) displays two halo rings, which may be due to the different compositions in the multilayers [15] . The STEM-EDX mapping ( Figure S1 ) reveals the elemental distribution in the multilayers. In order to find out whether there is atomic inter-diffusion occurring at the interface, APT was performed.
A reconstructed atom map of a FeZr/CuZr multilayers sample in the as-prepared state is presented in , reveals a significant asymmetry of the interface at both sides of the CuZr layers. The intermixed zone at the interface looks like narrower when CuZr grows on the top of FeZr in comparison to the reversed sequence. Some interfaces with similar asymmetry revealed by APT measurements were also reported in the literature [16] [17] [18] [19] . The asymmetric interface region between CuZr and FeZr is likely due to evaporation field difference between Fe and Cu in the two different layers [16, 17] . In order to minimize any artifacts that may be introduced when significant roughness exists at the interface, the following procedure was used. The inter-diffusion at the interface was analyzed by positioning 103 analysis cylinders (5 nm diameter) at the interface of CuZr that was sitting on top of FeZr layers. The data obtained from this analysis are plotted in Figure 3 . The inter-diffusion length was deduced by selecting the positions at which the local concentrations were 10 at% Cu to 10 at% Fe [18, 20, 21] . This approach yielded an interface width of 2.3 ± 0.2 nm. This width is one order of magnitude larger than the width deduced from the data reported for inter-diffusion in crystalline Cu/Fe-based alloy multilayers at room temperature (RT) [16, 21, 22] . This result suggests an enhanced inter-diffusion in the amorphous state in comparison to the corresponding crystalline state. The inter-diffusion analysis of Zr. Zr diffused from CuZr (Zr-rich) to FeZr (Zr-poor) and finally the concentration was almost the same everywhere.
In order to further investigate the inter-diffusion at the interfaces, several samples were annealed in a high vacuum system (5 × 10 −5 Pa) for 60 min at 573 K, which is far below T x of Cu 64 Zr 36 ( ∼ 780 K) [23] and Fe 75 Zr 25 ( ∼ 880 K) [24] amorphous alloys. The samples were then analyzed by APT.
The concentration profiles of Fe and Cu obtained from these measurements are shown in Figure 3 (a). As may be seen, the interface width expanded from 2.3 ± 0.2 to 2.6 ± 0.3 nm. Considering the positive heat of mixing between Fe and Cu (+13 kJ/mol) [13] , the widening of Fe/Cu interface width by about 13% seems remarkable keeping in mind the low annealing temperature (573 K).
Further evidence for the inter-diffusion between Fe and
Cu is the change of the slope of the concentration profiles. The slope was calculated from the concentration profiles of both elements, taking into account the variation between ∼ 10 and 90 at% of the respective concentration amplitude. The slope of Cu concentration profile was found to decrease from 21.7 ± 1.7 (initially) to 15.4 ± 3.5 (after annealing), and the slope of Fe decreased from 23.7 ± 2.0 (initially) to 11.5 ± 2.6 (annealing). For Zr, it diffused from CuZr (Zr-rich) to FeZr (Zr-poor) and finally the concentration was almost the same everywhere as shown in Figure 3(b) .
Several groups reported the inter-diffusion in crystalline multilayers consisting of immiscible elements. Ene et al. investigated the atomic inter-diffusion of NiFe/Cu thin films by APT and found the intermixing length at RT to be about 0.5 nm. Even after annealing at 773 K for 40 min, intermixing between Fe and Cu was not observed [21] . Zhou et al. reported the intermixing length of CoFe/Cu multilayers to range from 0.4 to 0.6 nm by APT measurements at ambient temperatures [19] . Kuncser et al. studied the interfacial atomic diffusion of Fe/Cu thin films via 57 Fe conversion electron Mössbauer spectroscopy and demonstrated the effective thickness of diffusing Fe atoms is less than 0.35 nm [22] . Our results show a remarkable enhanced interfacial atomic diffusion (2.3 ± 0.2 nm) at ambient temperatures in the amorphous Fe 75 Zr 25 /Cu 64 Zr 36 multilayers, which is at least four times larger than the data reported in the literatures. In addition to the extra interfacial energy in amorphous multilayers, there may be two main reasons for the enhancement of the intermixing of the immiscible elements Fe/Cu in our experiments. One reason is the thermodynamic instability in the amorphous state that may enhance the inter-diffusion rate [25] . The other reason is the excess volume existing in the interfaces enhancing the atomic mobility [26] . The enhanced inter-diffusion rate seems consistent with the following published results. At 630 K, the interdiffusivity of Ge/Si in the amorphous state was noted to be 3.86 × 10 −23 m 2 s −1 , which is almost 4 orders of magnitude larger than that in the crystalline state [27] . The Co isotope diffusion in fcc Co is about 1.0 × 10 −18 m 2 s −1 at 1100 K, whereas the inter-diffusivity of Co isotopes in amorphous Co 76.7 Fe 2 Nb 14.3 B 7 is 2.91 × 10 −14 m 2 s −1 if extrapolated to this temperature [28] .
So far, the atomic inter-diffusion of immiscible elements was only observed in specimens produced by ballmilling, sputtering, or severe plastic deformation. In our case, the enhanced atomic inter-diffusion of immiscible elements was found in vapor deposited amorphous multilayers providing a way to modify the properties of amorphous multilayers. In view of these results, it may be expected that the interfacial regions have a new atomic structure formed by the intermixing of immiscible elements. By controlling the thickness of single layer or the inter-diffusion length at different annealing temperatures, the volume fraction of the interfacial region could be tuned and hence the properties the multilayers could be modified. In fact, if the thickness of the individual layer would be less than the double inter-diffusion length, this approach would open the way to create a new material with unique properties.
In order to support this speculation, the following experiment was carried out. A series of multilayers, with the nominal structure of [a-Fe 75 Zr 25 (10 nm)/a-Cu 64 Zr 36 (10 nm)] × 12, [a-Fe 75 Zr 25 (10 nm)/Cu(10) nm] × 12, and a single layer reference sample of a-Fe 75 Zr 25 film with a thickness of 240 nm, were fabricated using magnetron sputtering as described in the supplementary. The magnetic measurements were carried out with the three kinds of thin films before and after annealing at 573 K for 60 min. (The detail of the magnetic measurement is described in the supplementary.) The magnetic moment per Fe atom (In the later part, the 'magnetic moment' refer in particular to 'magnetic moment per Fe atom'.) in those thin films was recorded and it is given in Table 1 . It is well known that FeZr, CuZr, and Cu are ferromagnetic, paramagnetic, and antiferromagnetic materials, respectively. Here, the 10-nm non-ferromagnetic CuZr or Cu layers are thick enough to suppress any interlayer coupling between the magnetic FeZr layers [29] . The value of the magnetic moment in the original FeZr single layer was 0.8 μB, which is similar to the literature value reported [30] . The magnetic moments in FeZr/CuZr and FeZr/Cu are 0.75 and 0.60 μB, respectively, which is somewhat lower than the magnetic moment in FeZr single layer. This may be due to the effect of introducing non-ferromagnetic layers in magnetic layers [31] . After annealing at 573 K for 60 min, the magnetic moment in all kinds of films increased. If the interface effect is ignored, the ratio of the increase of the magnetic moment in FeZr single layer should be similar to the one of the FeZr/CuZr and FeZr/Cu multilayers. This was indeed observed for the FeZr/Cu multilayers, because the atomic inter-diffusion between the amorphous FeZr and crystalline Cu is quite weak and cause almost no interdiffusion effect. However, a significant increase of the [32] [33] [34] . Obviously, the dramatic increase of magnetic moment in FeZr/CuZr multilayers could not be explained by the same model. According to the former APT results, the likely reason seems to be the change of the interfacial atomic structure of the FeZr/CuZr multilayers during the annealing treatment. The interfacial regions formed due to the enhanced inter-diffusion ability in the amorphous state contain the immiscible elements Fe and Cu, which may result in higher magnetic moments [35] . This result seems consistent with the idea of manipulating the properties of amorphous multilayers by tuning the interfacial region. The M-H curves of the three kinds of films are shown in Figure S2 .
In conclusion, FeZr/CuZr amorphous multilayers have been prepared by magnetron sputtering. STEM-EDS maps suggest the formation of regions in which Fe and Cu atoms are mixing in the vicinity of the multilayer interfaces. APT concentration profiles confirm this interpretation and suggest a mixing zone width of 2.3 ± 0.2 nm. By studying FeZr/CuZr multilayer samples before and after annealing (573 K, 60 min), it is found that the inter-diffusion of Zr resulted in the same Zr concentration everywhere. The Fe/Cu interface width was found to increase from 2.3 ± 0.2 to 2.6 ± 0.3 nm and the slopes of Cu and Fe concentration profiles decreased for Cu from 21.7 ± 1.7 to 15.4 ± 3.5 and for Fe from 23.7 ± 2.0 to 11.5 ± 2.6. All of these results support the conclusion that enhanced inter-diffusion occurs at the amorphous/amorphous interface in comparison to inter-crystalline interfaces even if the inter-diffusing elements are immiscible. The enhanced inter-diffusion in the amorphous state is important for the understanding of the unique properties of NGs. Such inter-diffusion would form a new nanometer-sized layer with different chemical composition and modify the properties of amorphous multilayers.
In fact, if the original single layers are sufficiently thin (for example, in the case of the system studied here: less than 5 nm), the newly formed layer may take control of the properties of the amorphous multilayers. As the interface diffusion of amorphous multilayers is much faster than in its crystalline counterparts at relatively low temperature, it may open the way to create a new type of amorphous materials with unique properties.
